Background
==========

Previous studies have demonstrated many solid cancers that are known to exhibit a high degree of heterogeneity in their deregulation of different oncogenic pathways.[@b1-ott-10-5463]--[@b3-ott-10-5463] Glioma is a type of primary central nervous system (CNS), aggressive, lethal, solid tumor that arises from glial cells. The most common site of involvement of a glioma is the brain, but they can also affect the spinal cord, or any other part of the CNS, such as the optic nerves.[@b4-ott-10-5463]--[@b7-ott-10-5463] Among these, glioblastoma (GBM) is the most common and most aggressive cancer, and represents 15% of brain tumors.[@b8-ott-10-5463],[@b9-ott-10-5463] There is no clear way to prevent the disease. Typically, treatment involves surgery after which chemotherapy and radiation therapies are used. The medication temozolomide is frequently used as part of chemotherapy.[@b10-ott-10-5463] Genetic factors involved in the development of this disease remain poorly understood. Previous studies reported biologically relevant alterations in three core pathways, namely p53, Rb, and receptor tyrosine kinase (RTK)/Ras/phosphoinositide 3-kinase (PI3K) signaling, indicating that GBM is a molecularly heterogeneous disease.[@b11-ott-10-5463]--[@b13-ott-10-5463] Many gene alterations found in these pathways to the distinct molecular and epigenetic subtypes of glioblastoma revealed that coordinated combinations were enriched in different molecular subtypes, which may affect clinical outcomes and the sensitivity of individual tumors to therapy. Initial publications describing glioma diversity in primary tumors have typically focused on single pathways, measuring a few biomarkers per experiment.[@b14-ott-10-5463]--[@b17-ott-10-5463]

Previous studies[@b16-ott-10-5463],[@b17-ott-10-5463] have been used to define the gene changes in cancer to predict the activity of oncogenic pathways in cancers by the use of Illumina gene chip. In our study, we hypothesized that patterns of oncogenic pathway activation could be used to develop a genomic taxonomy of glioma. We used Affymetrix Human Genome U133 Plus 2.0 Array, which allows for more than 77,000 genes to be examined, and provides higher sensitivity, to detail the global program of gene expression in different-grade glioma tissues and try to identify some genes associated with the tumorigenesis of gliomas and to develop a bioinformatic method to map activation levels of different pathways in cohorts of complex primary tumor profiles. The use of this powerful technology has resulted in the identification of a novel biomarker for human glioma, to further our understanding of glioma pathobiology by oncogenic pathway activity into biologically and clinically relevant subgroups.

Materials and methods
=====================

Microarray data preparation and analysis of human glioma
--------------------------------------------------------

The raw data files and corresponding clinical data used in this study were downloaded from the public GEO databases (<http://www.ncbi.nlm.nih.gov/geo/>): GSE45921 and GSE43378. In te GSE45921 design, grades I to IV glioma tissues were selected in surgical procedures for RNA extraction and hybridization on Affymetrix Human Genome U133 Plus 2.0 Array. In the GSE43378 design, 50 glioma patients were selected for RNA extraction and hybridization on Affymetrix Human Genome U133 Plus 2.0 Array. Raw data of CEL files were normalized at transcript and gene level by means of the robust multi-array average (RMA) method (workflow). Median levels of transcript expressions were calculated. Gene-level data was then filtered to include only those probe sets with annotations.

Gene set enrichment analysis
----------------------------

After loading the R package "hgu133plus2.db" corresponding to the GPL570 platform on the bioconductor, the selected data were normalized and subjected to principal component analysis (PCA) by "appy" R package. Eventually, the expression set for data analysis was built. We conducted gene set enrichment analysis (GSEA) for the whole of the acquired data from GSE74195. GSEA is a computational method that determines whether a prior defined set of genes shows statistically significant consonant differences between two biological states. In this study, version 5.2 of the molecular signatures database (MSigDB) was obtained from the GSEA website. Then, the enrichment analysis was performed by the default weighted enrichment method, and the number of random combinations was set to 1,000 times. The normalized enrichment score (NES) was the primary statistic for examining gene set enrichment results. By normalizing the enrichment score, GSEA accounted for differences in gene set size and correlations between gene sets and the expression dataset. False discovery rates (FDRs) seen in \<25% gene sets were considered to indicate significant enrichment gene sets. We present gene coexpression networks to identify interactions among genes. Based on the correlation between genes, the gene--gene interaction network was constructed, as described.[@b18-ott-10-5463],[@b19-ott-10-5463]

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
------------------------------------------------------------------------------

One of the main uses of GO is to conduct enrichment analysis on gene sets. For example, given a set of genes that were upregulated under certain conditions, the enrichment analysis would find which GO terms were overexpressed or underexpressed using annotation for that gene set. The KEGG pathway is a collection of manually drawn pathway maps representing our knowledge of the molecular interaction and reaction network for cellular processes, human diseases, and so on. Because we have obtained the differently expressed genes (DEGs) annotation by R package from the latest version of Bioconductor (library "affy", "limma" and "hgu133plus2.db"). Therefore, we could undertake GO and KEGG analysis in the search tool for the retrieval of interacting genes (STRING) database version 10.0 online.

Mapping pathway prediction signatures
-------------------------------------

Gene coexpression networks use the following analysis strategies: for the inputted expression profile of difference genes, we calculate the pair-wise correlation to construct a matrix for each gene pair. Next, we would get the adjacency matrix and the connected degree for each gene and every version (here, version denotes a test for optimal network). For each version (β value from 1 to 30), to make a linear regression for logP(k) and log(k) such that the two satisfy the linear condition best, the slope is approximately −1, and the average degree is not too small. Last, for any two genes, calculate the dissimilarity between them. Using the dissimilarity as distance, several modules and their hub nodes are obtained using a hybrid hierarchical clustering algorithm. Besides, if the expression data set does not satisfy the scale-free condition, then a threshold α is selected and, together with the correlation coefficient matrix, the adjacent matrix is generated.

RNA extraction and real-time RT-PCR analysis
--------------------------------------------

Total RNA was extracted using TRIzol (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's instructions. Real-time PCR analysis was performed using Q Tag SYBR Green Master Mix (BD Biosciences, San Jose, CA, USA) and an Applied Biosystems 7500 Real-Time PCR System. Relative mRNA levels were determined by normalizing the obtained expression levels to the endogenous β-actin mRNA levels, using Microsoft Excel. For each of the indicated genes, the relative transcript levels of the control sample were set at 1, and the transcript levels of other samples were compared with the control. Quantitative RT-PCR reactions were conducted in triplicate.

Statistical analysis
--------------------

For microarray analysis, differentially expressed genes were confirmed using a *p*-value threshold and FDR analysis. The threshold of truly significant genes was taken to be *p*-value less than 0.05 and FDR value less than 0.05. The statistical analysis was conducted with SPSS version 18.0 for Windows (SPSS Inc., Chicago, IL, USA). All data were expressed as mean ± SD. Statistical significance was evaluated by ANOVA or two-tailed *t*-test, and the results were considered significant at a *p*-value \<0.05.

Results
=======

Identification of differently expressed gene in human glioma
------------------------------------------------------------

The workflow of this study was firstly carried out in Affymetrix Human Genome U133 plus2 Array from the publicly available GEO databases. For this, 72 grade I to IV glioma tissues were analyzed for potential transcriptome changes in glioma using a bioinformatics strategy. We found that 3,726 genes were deregulated in high grade glioma under the condition of "Q \<0.05 and fold change \>1.2." Then, adjusting the condition to "Q \<0.001 and fold change \>2," 749 deregulated genes were determined in the grade IV glioma group. In total, these differentially expressed genes are shown clustered in [Figure 1](#f1-ott-10-5463){ref-type="fig"}. Hierarchical clustering showed top 20 gene expression signatures in high-grade glioma tissues.

Cluster analysis of differently expressed genes
-----------------------------------------------

Based on 749 significantly differentially deregulated genes, we constructed several clusters to examine the expression pattern using Cluster 3.0 software (Stanford University, Stamford, CA, USA) ([Figure 2](#f2-ott-10-5463){ref-type="fig"}), and each cluster profile included multiple genes which have similar temporal expression patterns. After short time-series analysis, clusters numbered 4, 17, and 80 comprised genes that were progressively repressed over time. We found that, in the gene profile, 80 shared a comparable upregulated expression in different grades of human glioma ([Figure 2B](#f2-ott-10-5463){ref-type="fig"}).

GO and pathway analysis
-----------------------

To determine the biological functions of these differently expressed genes, GO and pathway enrichment analysis were conducted, respectively. As shown in [Figure 3A](#f3-ott-10-5463){ref-type="fig"}, the top 15 highly enriched GO terms: cell division, notch signaling, cell proliferation, cell-cycle arrest, and DNA repair and several other functional groups, which combine with the KEGG database, were identified. Pathway analysis showed the MAPK signaling pathway (degree =38), Wnt signaling pathway (degree =25), ErbB signaling pathway (degree =24), and PI3K-Akt signaling pathway (degree =23) showed the highest degree ([Figure 3B](#f3-ott-10-5463){ref-type="fig"}). Interestingly, most of these GO functional groups were connected to the metabolic pathways.

Coexpression network and candidate key gene
-------------------------------------------

Next, we conducted a pathway relation network analysis to draw an interaction network covering 52 significantly changed pathways ([Figure 4A](#f4-ott-10-5463){ref-type="fig"}). Among them, the MAPK signaling pathway, Wnt signaling pathway, ErbB signaling pathway, and PI3K-Akt signaling pathway showed the highest degree, suggesting that these four pathways might play a core role in the development of glioma. Furthermore, all different genes were constructed into a gene coexpression network to identify which gene may implicate a pivotal role in the development of glioma, as shown in [Figure 4B](#f4-ott-10-5463){ref-type="fig"}. The degree of a node describes the number of links one gene has to others within the gene network, with the most central genes in the network having the largest degree values. Importantly, we found that the cytochrome c oxidase subunit Vb (COX5B), the terminal enzyme of the electron transport chain, was the central gene in the coexpression network, which directly controlled 63 neighboring genes ([Figure 4C](#f4-ott-10-5463){ref-type="fig"}).

COX5B is overexpressed in gliomablastoma and correlation with clinical features
-------------------------------------------------------------------------------

To determine the impact of COX5B in human glioma progression, COX5B expression was examined in grades II to IV glioma, by immunohistochemistry. We found that COX5B expression is increased in 67 of 87 (77.0%) glioma tissues ([Figure 5](#f5-ott-10-5463){ref-type="fig"}). Statistical analysis showed COX5B expression level was significantly associated with clinical stage, whereas there were no correlations between COX5B expression and patient age or tumor size.

Discussion
==========

Malignant gliomas are aggressive, lethal, solid tumors arising from support cells in the central nervous system. Despite intense efforts to optimize the treatment of gliomas, outcomes for patients with high-grade glioma are still frustrating.[@b20-ott-10-5463]--[@b22-ott-10-5463] Causes and progression of gliomas have been investigated extensively; however, the genetic factors involved in the development of this disease remain poorly understood. Many previous studies have demonstrated that many solid cancers are known to exhibit a high degree of heterogeneity in their deregulation of different oncogenic pathways.[@b23-ott-10-5463]--[@b25-ott-10-5463] Previous studies reported biologically relevant alterations in three core pathways, namely, p53, Rb, and receptor tyrosine kinase (RTK)/Ras/phosphoinositide 3-kinase (PI3K) signaling, indicating that GBM is a molecularly heterogeneous disease.[@b23-ott-10-5463],[@b26-ott-10-5463],[@b27-ott-10-5463]

In this study, we used bioinformatics to detail the global program of gene expression in different-grade glioma tissues and to try to identify some genes associated with the tumorigenesis of gliomas. We found that 3,726 genes were deregulated in high-grade glioma under the condition of "Q \<0.05 and fold change \>1.2." Then, adjusting the condition to "Q \<0.001 and fold change \>2," 749 deregulated genes were determined in the grade IV glioma group including LPGAT1, PLS1, COX5B, and NEK9, etc. Based on 749 significantly differentially deregulated genes, we constructed several clusters to examine the expression pattern using Cluster 3.0 software; we found that of the genes profiled, 80 shared a comparable upregulated expression in different grades of human glioma. Using gene expression signatures, we identified three oncogenic pathways (MAPK signaling pathway, Wnt signaling pathway, and ErbB signaling pathway) deregulated in the majority of human glioma. Following gene microarray analysis, the gene expression profile in the differential grade glioma was further validated by bioinformatic analyses and coexpression network construction.

Furthermore, we found that cytochrome c oxidase subunit Vb (COX5B), the terminal enzyme of the electron transport chain, was the central gene in a coexpression network that transfers electrons from reduced cytochrome c to oxygen and, in the process, generates an electrochemical gradient across the mitochondrial inner membrane. Lomax et al[@b28-ott-10-5463] determined that the COX5B gene contains five exons and four introns. The enzyme is composed of 13 polypeptide subunits, three of which are encoded in mitochondrial DNA and ten in nuclear DNA. The nuclear-coded COX subunits can be divided into two groups: those with muscle-specific isoforms and those that are identical in all tissues, such as COX5B. The four coding exons span a region of approximately 2.4 kb. The 5-prime end of the COX5B gene is GC-rich and contains many HpaII sites.

Conclusion
==========

Malignant glioma is the second leading cause of cancer-related death worldwide. We devised a bioinformatics strategy to map patterns of oncogenic pathway activation in glioma from the Gene Expression Ominus (GEO). We identified three oncogenic pathways, MAPK signaling pathway, Wnt signaling pathway, and ErbB signaling pathway, that are deregulated in the majority of human gliomas.
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Gene Ontology and pathway analysis. (**A**) Top 15 highly enriched GO terms. (**B**) Top 15 highest degree pathways.
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